Background and Purpose-Many perfusion-related MRI parameters are used to investigate the penumbra in stroke.
T he role of diffusion and perfusion MRI for the identification of patients with stroke who are most suited for thrombolysis is an active area of research. However, there is still no consensus regarding the specific perfusion parameter and optimal analysis method that best identify the penumbra. The most commonly used perfusion parameters include cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT). Recently, an increasing number of studies have promoted the use of Tmax (the time to maximum of the residue function obtained by deconvolution). [1] [2] [3] [4] [5] Tmax has been used in recent clinical trials 3, 4 and will be in the inclusion criteria in the forthcoming DEFUSE-2 and EXTEND trials. Despite a complex interaction of many factors influencing the measured Tmax, there has been no detailed investigation of its pathophysiological meaning or its sensitivity to the experimental conditions.
The tissue contrast agent concentration [C(t)] can be expressed as a convolution of the arterial input function (AIF) and the residue function [R(t)] 6 :
The residue function is obtained by deconvolution and its maximum value occurs, by definition, at Tmax. Therefore, Tmax is theoretically the arrival delay between the AIF and C(t) (Figure 1 ; after deconvolution, tϭ0 corresponds to the AIF arrival time). However, other factors can influence Tmax in practice. For example, patients with arterial abnormalities often exhibit bolus temporal dispersion, 7 which distorts the shape of the calculated R(t) to a more peaked shape ( Figure 1 ). 8 In these cases, Tmax will not only measure delay but also will be affected (in a complex manner) by the degree of dispersion. A further practical factor that can influence Tmax is the deconvolution analysis itself. To minimize the high sensitivity to noise, deconvolution is combined with a filtering technique (so-called regularization), 9 which smoothes R(t) and introduces oscillations in its shape ( Figure 1 ). 8 These deconvolution-related distortions will influence the measured Tmax. In addition, because the optimum degree of regularization depends on factors such as MTT, CBV, and signal-to-noise ratio (SNR), these can also affect Tmax in practice.
Because of all these factors, the physiological meaning of Tmax is not straightforward. In this study we performed simulations to investigate the influence of Tmax on tissue and vascular parameters, experimental conditions, and analysis methods. The aim of the in silico part of the study is to further our understanding of the practical meaning of Tmax, to provide a quantitative assessment of the factors that influence its measurement, and to provide recommendations for its clinical use. In vivo examples are presented to illustrate the conclusions from the simulation findings in real data.
Materials and Methods

In Silico Data
Data were simulated using well-established methods. 8, 9 In brief, the AIF was modeled as a ␥-variate function 9 : AIF(t)ϭA 0 ϫt r ϫexp(Ϫt/b).
To investigate the influence of AIF on Tmax, 2 cases were considered: a "typical" AIF (rϭ3; bϭ1.5) 9 and a wider version (rϭ3.25; bϭ1.75). The scaling constants were chosen to simulate signal intensity decreases observed for normal gray matter (Ϸ40%). Two R(t) models were considered, single-exponential and linear models, 9 with MTT of 4 to 14 seconds (1-second increments), for each of 2 CBV cases (2% and 4%). Delay was modeled by shifting the tissue concentration curves, with delays (d) between Ϫ4 and ϩ4 seconds in 0.5-second increments (dϭ0 corresponds to AIF and tissue curves aligned). Bolus dispersion was modeled using an exponential vascular transport function 10 
Simulations: Data Analysis
Deconvolution was performed using oscillation index regularized block-circulant singular value decomposition (oSVD) (which produces delay-insensitive CBF and MTT values), 12 with 2 levels of regularization: oscillation index (OI)ϭ0.085 and 0.095. To allow interpretation of historical data, some results are also reported for singular value decomposition (SVD), 9 with 3 levels of regularization: SVD threshold P SVD ϭ5,10,20%. Tmax was calculated from the time-to-maximum of the deconvolved residue function. 1 To investigate the effect of discretization errors (attributable to data sampling at TR intervals), Tmax was also calculated after temporal interpolation of the calculated R(t): interpolated to TR/4 using Fourier domain interpolation. 13 For each condition, 1000 noise realizations were performed.
To investigate the influence of the various factors that affect the measured Tmax, regression models with terms delay (d), dispersion (D), and MTT were used (other factors, eg, TR, SNR, were kept constant for each regression). Because SVD has now been superseded by its delay-insensitive version oSVD, 12 regression analyses were only performed for the latter. Based on a preliminary analysis, a linear relationship was sufficient for delay and MTT, but a nonlinear effect was observed with dispersion. Similarly, interactioneffect MTT dispersion was detected. Therefore, the following model was considered suitable:
where the various C are the coefficients of the regression (eg, C d is the linear-dependency on delay, C D 2 is the quadratic term on dispersion, C MTTϫD is the interaction term between MTT and dispersion, etc). Note that MTT in equation 2 indicates the true value and not the measured value.
In Vivo Data
To illustrate the results from the simulations, data are shown from 2 acute stroke patients (labeled P1 and P2). Time-to-onset/National Institutes of Health Stroke Scale scores were 4 hours and 55 minutes/19 for P1 and 1 hour and 45 minutes/10 for P2. In both cases, the neurological deficits were stable before MR scanning, which was performed before thrombolysis. Both patients had a right internal carotid artery occlusion. Perfusion data were acquired at 3 T, with TR of 1.5 seconds and 0.1 mmol/kg bolus of contrast agent (injection rateϭ5 mL/sec). The AIF was measured from the contralateral middle cerebral artery. All maps were calculated using oSVD (OIϭ0.095). Informed consent was obtained from all patients and the study was approved by the local ethics committee.
Results
In Silico Data Figure 2 shows representative results obtained using oSVD (top row) and SVD (bottom row). The plots show the dependency of Tmax on 2 of the 3 remaining variables (delay, dispersion, and simulated MTT) when the third one is kept at a constant value. SVD gave similar results to oSVD, with the obvious exception that SVD does not allow for negative Tmax (a zero value is found). 12 Visual inspection of the surface plots shows all 3 variables influence the measured Tmax, with bolus delay having the largest influence (ie, steepest slope), followed by bolus dispersion and, finally, a small dependency on MTT. This Tmax dependency represents a typical result, and the trends were qualitatively similar for the other simulated cases (data not shown).
As shown in Figure 2 (left and middle columns), the TR sampling of bolus tracking data leads to discretization errors in Tmax as a function of delay (particularly for small dispersion or short MTT; arrows). Because the measured Tmax can only take discrete values (multiples of TR), a "staircase" effect is observed. As expected, this effect increased with increasing TR (data not shown). This "staircase" artifact was eliminated by R(t) interpolation before Tmax calculation (Figure 3 ).
To quantify all these effects, the Table shows the regression coefficients for various typical combinations of simulated conditions. Results are shown for Tmax values calculated after temporal interpolation; similar coefficients were observed without interpolation (data not shown). The measured Tmax is highly influenced by delay (C d Ϸ1) to a slightly lesser degree by dispersion (C D Ϸ0.85) and only moderately by MTT (C MTT Ϸ0.1). Furthermore, the higher-order terms (ie, the interaction and quadratic terms) have only a mild-to-moderate contribution.
The comparison of coefficients from various simulated conditions shows the contribution from delay (C d ) is relatively constant. The delay has a simple additive effect on Tmax, regardless of the simulated condition. The contribution from dispersion (C D ) is influenced primarily by TR (compare rows 1 to 4 in the Table) and, to a smaller degree, by AIF (rows 1 and 6), CBV (rows 1 and 5) and SNR (rows 1,8,9). The contribution from MTT (C MTT ) is primarily influenced by SNR and, to a smaller degree, by AIF and R(t) (rows 1 and 7) . The quadratic dispersion contribution (C D 2) is slightly influenced by TR, AIF, and SNR.
The only condition that leads to different coefficients is SNR. The dependency was different for low SNR, with much higher contributions from MTT and dispersion to the measured Tmax (Figure 4) . 
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By varying TR (Table and Figure 4) , the offset term of the regression (C 0 ) is modified (even after temporal interpolation). The offset term is also affected (although mildly) by the degree of regularization OI.
Although Tmax is calculated after deconvolution analysis, there was a small residual effect of AIF on the measured Tmax. This was primarily seen as a change in the offset term of the regression and in the dispersion and MTT contributions (Table) .
In Vivo Data
The in vivo examples clearly illustrate the nontrivial relationship between Tmax and MTT ( Figure 5) . In particular, P1 shows an example in which Tmax and MTT identify abnormalities of similar extent and severity. P2, however, shows an example of severe Tmax lesion in the presence of mild MTT abnormality. For completeness, CBF and CBV maps are also shown (for display purposes, these maps were scaled by setting normal white matter CBF to 22 mL/100 g/min). 9 
Discussion
This study used in silico data to characterize the dependency of Tmax on physiological and experimental parameters, as well as on various analysis methods. It was shown that whereas Tmax theoretically reflects bolus delay, the measured Tmax is influenced also by bolus temporal dispersion and, to a smaller degree, by MTT. This suggests the physiological interpretation of Tmax in stroke is not straightforward, because various hemodynamic scenarios can lead to the same Tmax appearance. For example, prolonged Tmax can represent normal perfusion but with delayed bolus arrival or tissue with dispersion and increased MTT ( Figure 5 ). These 2 situations cannot be distinguished based on Tmax alone. Note, however, that given the modest dependency on MTT (Figure 2) , it is unlikely that a severe Tmax abnormality could be solely explained by prolonged MTT, and it is likely that this case reflects also delay or dispersion. In contrast, MTT provides, in principle, easier physiological interpretation; it is believed to be inversely proportional to perfusion pressure 14 (note, however, it could be also influenced by dispersion). 10 Therefore, when a physiological interpretation of the abnormality is required, Tmax should not be considered on its own; by combining with other macrovascular (eg, an alternative measure of bolus delay) or microvascular information (eg, MTT), the various factors contributing to the measured Tmax may be disentangled. In fact, Tmax provides different information to that contained in CBF, CBV, and MTT maps, and its main strength may be when combined with these other parameters. This is particularly the case when a delayinsensitive deconvolution algorithm is used (as is now increasingly common). These hemodynamic maps provide complementary information that can be best exploited using predictor models 15 in which the relevance of each parameter to infarct prediction is determined by a training data set. The presence of delay/dispersion are often unavoidable 7 because of the difficulty in measuring the AIF from small distal arteries. The dependency on delay and dispersion (increased Tmax with increasing delay/dispersion) was theoretically expected. Both effects lead to a delayed maximum of the measured residue function (Figure 1 ). Tmax was also found to increase with prolonged MTT, a more complex effect related to the deconvolution. It is introduced by the filtering properties of the regularization process and explains, for example, the dependency of C MTT on OI and SNR (known to influence the regularization).
The notion that Tmax and, hence, delay are useful predictors in stroke is controversial. Delay could be considered a nuisance parameter, and scenarios exist in which delay is unrelated to flow, eg, in chronic conditions with sufficient collateral supply. In these situations, it could be argued that Tmax should not be used because it can lead to misleading conclusions. Despite these reservations, there is now empirical evidence that heavily delay-weighted measures provide useful information. 5 It could be speculated the high Tmax values seen in hyperacute stroke often coexist with hypoperfusion and indicate poor delayed collateral supply. It is conceivable that regions with long arrival delay, even if relatively well-perfused, are the most at risk if perfusion pressure further declines. More research into the temporal dynamics of blood supply and collaterals recruitment is needed to understand the significance of delay in stroke. 16, 17 The TR sampling of perfusion data leads to discretization errors in the measured Tmax (ie, the measured Tmax is roundedoff to a value multiple of TR). This coarse discretization could have important implications in clinical studies. For example, when a threshold is used to define hypoperfusion, rounding-off effects could lead to variations in the hypoperfused area. This effect is most significant when the threshold is comparable to TR, as in the initial Tmax Ͼ2-second studies. [2] [3] [4] These rounding errors could also have a deleterious effect in multicenter studies in which data are often acquired with different TR. For example, Figure 4 shows a TR-related doubling of the offset term C 0 for normal SNR (from 1 to 2 seconds), making the Tmax measurement TR-dependent. Because temporal interpolation was shown to eliminate discretization errors, its use is highly recommended. However, because of the small remaining TR sensitivity (through the offset term), it is important that multicenter studies should select a fixed TR. Furthermore, being sensitive to delay, Tmax is also sensitive to the timing differences of slices during acquisition (in fact, this extra delay can affect Tmax between slices by up to 1 TR). It is therefore essential that these timing differences are appropriately accounted for during Tmax computation. In this way, the variability in Tmax quantification that is under user control will be minimized.
From all conditions simulated, SNR was the only parameter that led to different trends (Figure 4 ). In particular, low SNR data made Tmax measurements more sensitive to MTT. This is likely attributable to a suboptimal OI (the OI used were optimal for normal-to-high SNR). 12 Physiological interpretation of Tmax will be different if a suboptimal regularization level is used. This could have implications for multicenter studies. The optimal level of regularization is known to depend on many factors, eg, contrast-to-noise ratio, TR, and so on. 8,12 Therefore, if a fixed level of regularization is used during deconvolution, a given Tmax threshold could identify different areas of hypoperfusion for data acquired with different sequence parameters, injection protocol, and so on. More generally, optimal Tmax thresholds from one study must be used with caution in other studies if the same experimental conditions are not ensured. For example, a different SNR, TR, deconvolution algorithm, or image resolution could render the suggested Tmax threshold suboptimal.
Consistent with the predictions of the in silico data, the in vivo examples clearly show the complex relationship between Tmax and MTT, and that Tmax primarily reflects macrovascular features. The relative contributions of delay, dispersion, and MTT to the measured Tmax and MTT values therefore explain their differences in Figure 5 . For example, 
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Physiological Significance of Tmaxbased on the simulations, an MTT abnormality will always affect Tmax (although with modest weight). In contrast, the similar Tmax and MTT abnormalities in P1 suggest that the severe Tmax prolongation likely reflects a contribution also from delay or dispersion (this interpretation would not have been possible with the Tmax map in isolation or without the simulation findings). However, the mild MTT abnormality in P2 (but with a severe Tmax lesion) probably suggests a case in which sufficient collateral supply exists to maintain microvascular integrity; ie, the Tmax abnormality reflects almost only delay/dispersion and not MTT prolongation (benign oligemia), consistent with the simulation findings that Tmax primarily reflects macrovascular features. The in vivo examples are consistent with the simulation findings and emphasize the complementary information contained in Tmax and MTT; for example, the hemodynamic disturbance indicated by the asymmetrical Tmax pattern in P2 could not have been inferred from CBF, CBV, and MTT maps alone. Despite its complex physiological interpretation, Tmax has a number of useful practical features. First, because Tmax can be determined from a limited number of sampling points at the beginning of the bolus, it may be less sensitive than MTT to patient motion. MTT quantification needs a greater amount of usable data (for determination of CBV, which is needed in MTT calculation). Second, if extremely long bolus delay/dispersion are present, CBV may be underestimated (and MTT overestimated) when insufficient data points are acquired. 10 However, Tmax is less sensitive to this effect (because it depends on fewer measurements). Third, like MTT, it is approximately uniform across normal gray and white matter, which is beneficial for visual conspicuity and when maps are thresholded. Fourth, depending on the analysis software used, there is a further possible practical advantage. When there is low contrast delivery to a brain region and CBV is approximately 0, the region may appear as a "black hole" in MTT maps, although it may not affect the Tmax map. 2 This effect can often disturb interpretation of MTT abnormalities, possibly contributing to the increased popularity of Tmax. However, this "artifact" is most commonly related to software implementation (eg, it can be avoided by setting the intensity in those regions to the maximum MTT value). Regions experiencing no tracer arrival can also be caused by insufficient sampling time to cover the entire bolus.
Conclusion
Tmax is a parameter with several attractive properties for clinical use, although its physiological interpretation is complex and affected by experimental conditions. Tmax reflects a combination of delay, dispersion, and, to a lesser degree, MTT; therefore, it mainly should be considered a measure of macrovascular features. It is highly recommended that temporal interpolation be used before Tmax computation and that the slice-acquisition timing differences be accounted for; this should minimize sources of interstudy variability that are under user control. Special care should be taken when setting-up Tmax thresholds for data acquired with different protocols (eg, in multicenter studies) because various factors can influence the measured Tmax. Because of its complementary information used in conjunction with delayinsensitive CBF, CBV, and MTT maps, Tmax will provide important additional information on cerebral hemodynamics.
